Antibodies cross-reactive with specific membrane proteins were used to investigate membrane development in Anacystis nidulans R2 during recovery from iron stress. Polyclonal antibodies prepared using the ironregulated chlorophyll (Chl)-protein CPVI4 (HB Pakrasi, HC Riethman, LA Sherman 1985 Proc Natl Acad Sci USA 82: 6903-6907) as antigen were characterized and used to identify three iron stress-induced polypeptides of 36, 35, and 34 kilodaltons on immunoblots of polyacrylamide gels. The 34 kilodalton protein was shown to be a component of the Chlbinding CPVI-4 complex. The 36 kilodalton protein is an unrelated, intrinsic membrane protein tightly regulated by iron (designated IrpA), whereas the 35 kilodalton immunoreactive component is an extremely abundant glycoprotein (GP35). An analysis of photosystem II (PSII)-associated Chl-proteins during recovery from iron stress demonstrates that CPVI-4 is associated with most of the Chl present in iron-starved cells, whereas the PSII core polypeptides are present in very low levels; upon recovery, CPVI4 diminishes in abundance as the relative levels of the other PSII proteins increase. The abundance of CPVI4 in ironstressed cells and the distribution of Chl among individual Chl-proteins during recovery suggest a possible role for CPVI4 in the direction of membrane assembly during recovery from iron stress.
Oquist (18) initially observed that Anacystis nidulans responds to iron stress with a very unusual reorganization of its photosynthetic apparatus. Subsequent investigations (reviewed in Ref. 26) have filled in many ofthe phenomenological details ofthe major events which occur during iron stress, but the underlying regulatory mechanisms remain unknown. Iron-stressed A. nidulans cells have only 1 or 2 thylakoid leaflets per cell (versus [3] [4] leaflets in normal cells), and both phycobilisomes and carboxysomes are severely diminished. In addition, glycogen granules accumulate near the thylakoid surfaces formerly occupied by phycobilisomes (28) .
The changes in pigment abundance and organization in ironstarved A. nidulans R2 (11, 19, 20) blue-shifted about 5 to 7 nm, and a 685 nm fluorescence peak dominates the 77 K Chl fluorescence emission spectrum. The room temperature Chl fluorescence induction properties of ironstressed cells are very unusual, with an extremely intense F0 but little (or no) observable F, in severely iron-stressed cells (9, 1 1).
These spectral changes have been correlated with changes in the pattern of Chl-protein complexes in the thylakoid membrane ( 11, 19, 20) . Interestingly, Pakrasi et al. (20) noted the accumulation of a novel, intrinsic membrane Chl-protein complex (termed CPVI-4) in iron-starved cells, the function of which was unknown.
We have prepared antibodies against gel purified CPVI-4 (24) in order to better characterize both its apoprotein composition and its regulation by iron stress. Three iron stress-induced membrane proteins were immunoreactive with these antibodies on immunoblots; one of these proteins was shown to be an apoprotein of the CPVI-4 complex (22) , whereas the other two proteins are separate iron-regulated membrane components. The anti-CPVI-4 antibodies as well as additional, heterologous antibodies were used to monitor the development of the A. nidulans R2 membrane system during recovery from iron stress. In addition, an improved membrane solubilization and electrophoretic procedure (20) was used to resolve PSII Chl-proteins ofA. nidulans R2 membranes at different stages of recovery from iron stress. The results indicate that extremely low levels of PSII core polypeptides are present in iron-stressed cells, in contrast to the very high levels of During recovery from iron stress, the level of CPVI-4 diminishes as the quantity of PSII proteins increases. Our results, when combined with previous observations of the biophysical properties of iron-starved A. nidulans R2 (9, 11, 12, 19) , suggest a possible role for CPVI-4 in the direction of membrane assembly during the early stages of recovery from iron stress.
MATERIALS AND METHODS
Strain and growth of cultures. Anacystis nidulans R2 was routinely grown in nutrient-sufficient and iron-deficient media as described previously (28) . For (14) .
Affinity Purification of Anti-IrpA. A X gtll clone selected from an A. nidulans R2 genomic library using the total anti-CPVI-4 antibody was subcloned into pUC8.2 (21, 27) . This construct expressed a 29 kD protein in Escherichia coli JM83 which was immunoreactive with anti-CPVI-4. Lysates of E. coli expressing this protein were prepared as described previously (14) , fractionated on preparative polyacrylamide gels, and transferred to nitrocellulose. Following immunodecoration ofthe nitrocellulose with total anti-CPVI-4, the antibodies were eluted from the single immunoreactive band as described previously (25) . The [5] [6] [7] [8] [9] .
The possibility of comigration of additional, strongly immunoreactive species with those described above was examined as shown in Figure 2 . Membrane-associated proteins from normal (Fig. 2, C and D) and iron-deficient (Fig. 2, A and B) cells were solubilized and separated in two dimensions using the NEPHGE procedure. The separated components were then transferred to nitrocellulose and immunodecorated using anti-CPVI-4 (Fig. 2 , A and C), and the post-blot gels were stained with silver to identify the proteins giving rise to the immunoreactive spots. The three major immunoreactive membrane components are readily identified on the immunoblots ofmembrane components from iron-stressed cells (Fig. 2A) ; on the basis of their relative mobilities in the SDS-PAGE dimension, these three immunoreactive spots were correlated with the bands in Figure 1 as shown in Figure 2 . Comparison of the immunostained nitrocellulose filter with the silver-stained, post-blot gel allowed identification of the position of each of the three immunoreactive proteins relative to the other membrane components separated using this method (Fig, 2B, arrows) . Since very basic components migrate near the front of NEPHGE gels, whereas more acidic ones remain near the origin, it is apparent from Figure 2, A Fig. 2 , B and D; the 35 kD protein can still be detected in silver-stained gels of membranes from normal cells, Fig. 2D ). No strongly immunoreactive spots other than those identified in Figure 1 were present on these 2-D gels.
The weakly immunoreactive components were also localized in 2-D gels. Three of these are visible on immunoblots of membranes from both normal and iron-deficient cells; two migrate at about 34 kD, whereas the third migrates at approximately 60 kD (compare Fig. 2 , A and C, for common, light spots). Membranes from normal cells contain a unique, weakly immunoreactive spot in addition to these three which migrates close to 34 kD (Fig. 2C) .
The membrane components reactive with anti-CPVI-4 antibody can thus be characterized as follows: (a) 36 kD and 34 kD intrinsic membrane proteins of moderate to low pl which accumulate only in cells which are iron-starved; (b) a very basic, 35 kD extrinsic membrane component which is present at very low levels in normal cells, but accumulates to very high quantities in iron-stressed cells; and (c) four weakly immunoreactive components, one of which is detected only in normal cells.
Identification of IrpA Using Immunoaffinity-Purified Antibodies. The total anti-CPVI-4 antibody preparation was used to screen a X gtll expression library of A. nidulans R2 genomic DNA, and an immunopositive clone was selected and analyzed. The DNA insert from this X gtll clone was subcloned into the expression plasmid pRB96 (21, 27) . The plasmid DNA was transformed into E. coli JM83, and a transformant (E. coli JM83
[pRB96]) was obtained which expressed a large quantity of the antibody-reactive protein (27) . Lysates and B) A. nidulans R2 cells were solubilized as described in "Materials and Methods" and the solubilized material was separated using NEPHGE followed by SDS-PAGE. Separated components were transferred to nitrocellulose and immunodecorated using anti-CPVI-4 antibody (A and C). The post-blot gels were then stained with silver (B and D) to identify immunoreactive spots in the gel. Comparison of gels before and after blotting showed that, using these electrophoresis and immunoblotting conditions, the spots seen in the pre-blot gel could also be detected after blotting, although diminished in intensity. The locations of protein was purified (27) . Immunoblots of membrane components separated using LDS-PAGE or two-dimensional NEPHGE SDS-PAGE were prepared, and the purified antibody was used to identify the protein encoded by the cloned DNA (Fig. 3) . The purified antibody was immunoreactive with a single, iron-regulated membrane protein which migrated at 36 kD upon gel electrophoresis; this protein was designated IrpA. IrpA corresponds to the 36 kD, anti-CPVI-4 immunoreactive band in membranes from iron-stressed cells (Fig. 3A) . It is hydrophobic, as evidenced by its presence in the TX 114 phase of TX 114-partitioned membrane material (lane 5), and is absent from both the aqueous phase of TX114-partitioned membranes (lane 6) and from the TX 114-insoluble pellet (lane 7). Panels B and C show that IrpA is the most acidic of the three anti-CPVI-4 immunoreactive proteins, and they confirm the position of IrpA relative to the other iron-regulated membrane proteins separated using this 2-D gel system. IrpA was totally absent from membranes of normal cells (Figs. 1 and 2 ), indicating that its accumulation in membranes is tightly regulated by iron (or lack thereof). The data shown in Figure 3 demonstrate that the DNA insert cloned from X gtll (after immunoselection of a plaque using the total anti-CPVI-4 antibody) encodes an intrinsic membrane, iron-regulated polypeptide (designated IrpA). In addition, the anti-CPVI-4 antibody fraction immunopurified using this procedure was a monospecific probe of the 36 kD, IrpA protein.
Purification ofan Iron Stress Regulated Glycoprotein. Previous analyses of A. nidulans R2 membrane components had demonstrated the presence of several Con A-reactive species, four of which corresponded to the phycobilisome anchor and linker subunits LCM75, LR33, LR30 and LRC27 (23) . Chemical analysis of several ofthe purified phycobilisome subunits indicated that they were glucose-containing glycoproteins (22 (Fig.  2D ), but accumulates to become one of the most abundant membrane-associated proteins from iron-stressed cells (Fig. 4,  lane 1; Fig. 3C ). Based Figures 5 to 8 , we use the anti-CPVI-4 antibodies, the enhanced PSII Chl-protein resolution of D,BDmaltoside solubilized membranes (20) , and a more thorough knowledge of A. nidulans R2 membrane proteins (26) to reexamine the developmental changes which occur in the A. nidulans R2 membrane system as iron-stressed cells return to normal ( 12, 19, 28) . Although we focus on CPVI-4 and the known PSII proteins in this study, we also document other interesting structural changes which occur as the stressed cells develop to full photosynthetic capacity. These experiments required larger volumes of culture than those described previously (12, 19, 28) , so the original iron reconstitution procedure was modified. Pakrasi et al. (19) and Guikema and Sherman (12) is an insoluble form of GP35; the GP35 present in this fraction may be associated with a TX 114-insoluble structure prior to electrophoresis.
PSII-Associated Chl-Proteins during Recovery from Iron Stress. The CPVI-4 preparation used to raise the antibodies described above was originally identified in PSII-enriched D,BDmaltoside extracts of A. nidulans R2 thylakoids. The use of this detergent in combination with mildly denaturing electrophoresis conditions allowed resolution of four PSII-associated Chl-protein complexes, CPVI-1, CPVI-2, CPVI-3, and CPVI-4 (20) . was apparently associated with a significant fraction of the Chl present in membranes from iron-stressed cells, but it could barely be detected in membranes from normal cells (20) . Sherman and co-workers (12, 19, 22) stress in these experiments in order to enable comparison of this work with that done earlier (12, 19, 28) .
The 77 K Chl fluorescence emission spectra are the most sensitive indicators of in vivo Chl organization, and spectra collected at the indicated times during recovery from iron stress are shown in Figure 5 . Figure 5A shows fluorescence spectra of cells in the initial stages ofrecovery, whereas Figure 5B represents cells at later stages. These spectra indicate a slower recovery from iron stress under our conditions as compared to those used previously (12, 19) , almost certainly due to the more extreme iron stress phenotype induced by bubbling the cultures. In Pakrasi et al. (19) , the 695 nm peak had surpassed the 685 nm peak by 10 h after the addition of iron, whereas this did not occur until 12 to 15 h using our conditions (Fig. 5) . Thus, although membrane Chl reorganization occurred slightly more slowly using these conditions than in Pakrasi et al. (19) , the same course of events took place.
Maltoside extracts obtained from reconstituting samples were analyzed on mildly denaturing 'green' gels as shown in Figure 6 . The pattern of green Chl-protein bands is shown in panel A, whereas only the highly fluorescent (i.e., PSII-associated [20] ) Chl-proteins are shown in panel B. The overall accumulation of Chl into CPI, CPII, CPIII, and CPIV with the concurrent diminution of PSII Chl as recovery proceeds is similar to the pattern observed by Pakrasi et al. (19) . However, in the present work discrete PSII Chl-proteins are resolved which change as Chl is reorganized within the membrane during recovery. At 0 h, the cells possess the maximum iron stress phenotype (11, 28) and the major Chl-protein present is CPVI-4, although smaller amounts of CPVI-2 and CPVI-3 can be resolved using shortened electrophoresis times (20) . Using the electrophoresis conditions in Figure 6 , no CPVI-2 or CPVI-3 can be detected at 0 h, and only a small amount of PSI Chl is visible in CPIII. The welldefined green bands migrating above CPVI-4 but below CPIII in the 0 h lane are oligomeric forms of CPVI-4, as indicated by their presence in biochemically purified (22 (Fig. 7 ). An improved gel system and a more thorough knowledge of specific membrane proteins (26) were also utilized to chart a higher resolution analysis ofmembrane polypeptide levels during membrane development as cells recover from iron stress (Fig. 8) . recovering from Membrane polypeptide levels during different stages of recovembranes were ery from iron stress were monitored using antibodies as shown pebrlane)usi wer in Figure 7 . Only the part of the blot reactive with each antibody per lane) using is shown, and the Mr of the immunoreactive band(s) is shown at nt the right: 10 the left. Each PSII core polypeptide we tested exhibited a similar e anchor poIy-pattern of accumulation during membrane development. All and ATPaseoy were initially present at very low levels in membranes from atein (unknown severely iron-stressed cells (0 h). During reconstitution, the CPVIprotein; 44kDn 2 apoprotein (Fig. 7A) , the CPVI-3 apoprotein (Fig. 7B) , the Dl TP 42; 36 kD, protein (Fig. 7C ) and the D2 protein (data not shown) each /45 and the 36 exhibited a rather steady increase from 3 h to about 15 h, at 5 and a phycobi-which point their levels reached a plateau. The f3-subunit of ycobilisome rod ATPase (Fig. 7D) (18-72 h) .
The results in Figure 7 can be explained by a number of regulatory events. The abrupt disappearance of IrpA at 15 to 18 h and the appearance of CTP 42 at 18 to 20 h are striking examples of major changes occurring in the A. nidulans R2 membrane system during recovery. A comparison of the CPVI-2, CPVI-3, and CPVI-4 apoprotein levels ( Fig. 7) with that of their respective holocomplexes (Fig. 6) demonstrates that the mildly denaturing gels accurately reflect the levels of these Chlprotein complexes and that the differential levels of the green bands are not artifacts of the electrophoretic analysis. Finally, Figure 7 shows that GP35, a major protein associated with membranes from iron-stressed cells (Fig. 4) , decreases in abundance steadily during recovery to a constant, low level in normal cells (Fig. 7F, compare 36 , 48, and 72 h). Figure 8 documents the changes seen in the levels of the major polypeptide components of A. nidulans R2 membranes during recovery from iron stress. Individual bands corresponding to each of the classes of membrane polypeptides described by Guikema and Sherman (12) are readily identified. All of the identified photosynthetic electron transport proteins are present in low amounts in iron-stressed cells, and accumulate steadily during recovery. These include the phycobilisome subunits, PSII and PSI proteins, Cyt b6f subunits, and identified components of the ATPase complex. However, the extreme depletion of PSII proteins is markedly greater than anticipated. Although not quantitated, the patterns indicated by the immunoblots (Fig. 7) indicate at least a 10-fold increase in the PSII proteins from membranes of normal cells relative to membranes of ironstressed cells. Since new membrane synthesis did not begin until about 15 to 18 h using these conditions (28) (Fig. 5) , most of the accumulation ofthese proteins (on a constant membrane protein basis) occurs within existing membranes.
Several polypeptides can be detected which decrease during recovery from iron stress. GP35 is clearly the major protein in this class, which also includes the 34 kD CPVI-4 apoprotein, IrpA, and unidentified bands in the 80 to 90 kD region. Since total membrane material was isolated from the cells, both cytoplasmic membrane and outer membrane components will contribute to the polypeptide pattern, especially with the depletion of the thylakoids in iron-stressed cells. The presence of an iron acquisition system in A. nidulans R2 has been demonstrated (3) , and some of the major iron-stress-induced proteins are likely cytoplasmic membrane or outer membrane components of this system. Indeed, we have preliminary evidence (GS Bullerjahn, KJ Reddy, LA Sherman, data not shown) that IrpA is such a protein.
The third class of membrane proteins is those which remain relatively constant during recovery from iron stress. One protein of this class which we have identified is a carotenoid-binding protein associated with the cell envelope (4, 5) . This protein migrates at 35 kD using the electrophoresis conditions in Figure  8 ; immunoblot analyses indicate that it is slightly enhanced in iron-stressed cells but is still very abundant in membranes from normal cells (22) . Many other membrane polypeptides in this class can be detected in Figure 8, (12) . GP35 was purified to homogeneity (Fig. 4) It is important to recognize that, in these iron-reconstitution experiments, it is the existing membranes present in the cell at the time of most severe iron stress which are first reorganized after addition of iron. Thus, most of the spectral changes, the diminution of GP35 and CPVI-4, and the assembly of phycobilisomes and high mol wt Chl-protein complexes occurs within these preexisting membranes. The possibility that Chl associated with CPVI-4 is utilized by new apoproteins being synthesized during recovery has some experimental support. Gabaculine, an inhibitor of Chl biosynthesis, does not block the initial spectral changes which occur upon addition of iron to an iron-starved culture (9) , suggesting that Chl already within the membrane is being reorganized during the early stages of recovery from iron stress.
CPVI-4 has been purified biochemically from iron-stressed cells using anion-exchange chromatography of D(#D-maltosidesolubilized membranes (22) . The CPVI-4 complex consists of polypeptides migrating at 36 kD, 34 kD, and 12 kD (if sample solubilization is at 0-4°C). The 36 kD and 34 kD proteins are both involved in Chl-binding (22) . If this sample is heated at 70°C for 5 min in the presence of LDS and ,B-mercaptoethanol prior to electrophoresis, then the 36 kD band becomes very diffuse, with silver-staining material visible between 34 and 26 kD. The 36 kD protein ofCPVI-4 is not reactive with the antisera (on Western blots) to CPVI-4 in either case. By contrast, the 34 kD protein always migrates as a sharp band and is highly immunoreactive with the anti-CPVI-4 antisera. Thus, only one of the two Chl-binding subunits of CPVI-4 is immunoreactive with this antibody. IrpA and GP35 are both unrelated proteins that comigrate with CPVI-4 on polyacrylamide gels.
It is possible that newly synthesized apoproteins of CPVI-2, CPVI-3, and PSI complexes interact physically with CPVI4 in the membrane; since CPVI-4 binds Chl less stably than the other Chl-proteins (compare the quantities of free Chl for normal and iron-stressed samples in Fig. 6 ), the end result of such an interaction would be a transfer of Chl from CPVI-4 to newly synthesized apoproteins. Hints that such interactions might occur are provided by the formation of discrete Chl-protein bands found in the region between CPVI-4 and CPVI-3 during recovery from iron stress (Fig. 6) and also by the presence of a 36 kD protein in the high mol wt PSI oligomers CPIII and CPVI (26) . Although the antibody-reactive 34 kD CPVI-4 protein is not found in appreciable quantities in normal cells, the status of the 36 kD CPVI-4 protein (22) is less certain; indeed, it is the 36 kD apoprotein which is most abundant in the aggregated forms of purified CPVI-4 (22) . The possible presence ofthis 36 kD protein in CPIII and CPIV of normally grown cells needs to be examined carefully because of the unusual electrophoretic mobility of this protein and its comigration with another abundant protein, CTP 35/45 (a cell envelope-associated carotenoprotein) (4) . If the 36 kD protein of CPVI-4 is important for formation of the high mol wt Chl-protein complexes as cells recover from iron stress, it might also be involved in many of the spectral changes that accompany recovery. Thus, CPVI-4 may not only function as a light-harvesting antenna complex under conditions of phycobilisome depletion (20) , but may also be involved (either actively or passively) with membrane development during recovery from iron stress.
